For th e C3 to Cs diolefins, styrene, and the m ethylstyrenes, values are presented for t he followin g thermody namic prop er t ies to 1,500° K : H eat-conte nt fun ction, free-energy fun ction, entropy, heat conten t , hea t capacity, heat of forma tion from the clements, free energy of fonnatio n from t he elem ents, an d loga rit hm of the equilibrium constant of format ion from the elem ents. Equili brium con tants and concent rat ions are given in tabular and graphica l form for some reactions of isomerizat ion a nd dehydrogenat ion .
Introduction
As part of the work of the American Petroleum Institute R esearch Project 44 at th e National Bureau of Standards and the University of California, values have been compiled for the thermo--.dynamic properties, in th e gaseous sta te to 1,500° Ie, of th e heaL-content funcbon, free-el1Crgy function, entropy, h eat content, h eat capacity, h eat of formation, free energy of formation , and logarithm ·of the equilibrium constant of formation for the Cs to Cs diolefins, styrene, and th e m ethylstyren es. Calculations have also been made of the free , energies and equilibrium constants of a number of r eactions involving isoIJ!erization and hydrogenation of these compounds.
II. Constants
The values of the constants used in the present calculations are as follows [1, 2] : 6 The caloric 1 This ,investigation was performed as a part of the work of t he American Petrolenm I nstitnte Research Project 44 at tbe National Burean of Standards and tbe University of California. 2 Researeb Associate on the American Petrolenm Institute Research Project 44 at tbe National Burean of Standards.
, Research Associate on the American Petrolenm Institute Research Project 44 at the Unive rsity of California,
• Associate Director of the American P etrolen m Institute Research Project 44; Professor Chemistry at the Unive"ity or California, Berkeley, California.
, Director or the American Petrolcu m I nstitute Researeb Project 44 at tbe National Bureau of Standards,
• Fignres ill brackets indicate the literature references at the end or this paper.
Heats, Equilibrium Constants. and Free Energies used is the conventional thermochemical calorie defined as 4 .1840 absolu te joules; the absolu te temperat ure of the ice point is 273.160 ± O,OlO° Ie; the value of the radiation cons tant, hc/k , i 1.43 47 ± 0.00045 cm deg; th e gas consLant is 1.9 719 ± 0 .0001 3 cal/deg mole. Valu es of other constants related to th ese arc given in. r efer en ces [ For propadien e (allen e), the thermodynamic functions were computed by usin g the following:
The assignment of frequen cies given by Thompson and Harris [3] , which differs slightly from previous assignments [4 , 5] , two equal moments of iner tia (9. 82 X 10-s9 g cm 2 ) recalculated from the spectral data on the rotational fine structure [6] , a third momen t of inertia (O.575 X lO -39 g cm 2 ) assumed to be equal to that of ethylene [7] , an d a symmetry number of four. The foregoing moments of iner tia correspond to th e following d imensions of the molecule of propadiene, which agree well with th ose ob tained from measuremen ts of electron diffraction [8] : C= C, 1. 34 A ; C -H , 1.07 A ; H -C -H angle, 120°. The uncer tainty in the calculated values of the thermodynamic functions is estimated to be about 0.2 cal/deg mole at the lower temperatures and somewhat greater at the higher temperatures because of the neglect of vibrational anharmonicities. The values of heat capacity calculated for propadiene in the present investigation agree very well with the experim ental data that have been reported [4, 9, 10] . Some values of entropy previously calculated for propadiene by other workers [11 , 12] , however, differ markedly, for some unknown caUSE: , from those given in the presen t report.
For 1,2-butadiene, th e th ermodynamic functions wer e computed by using the following: The assignment of frequencies given by Szasz, McCartney, and Rank [13] ; moments of inertia based on the same corresponding dimensions as for propadien e, together with additional dimensions of 1.54 A for C -C and 1.09 A for H -CCH3' giving 11= 2.819 X 10-39 , 12 = 20.31 X 10-39 , and 13= 22.03 X 10-39 g cm 2 ; a reduced moment of inertia for the methyl rotation of 4.78 X 10-40 g cm 2 corresponding to 1cH3= 5.30 X 10-40 g cm 2 ; and a potential barrier restricting internal rotation of 1,800 cal/mole, which was selected to fi t the experimental value of entropy of gaseous 1,2-butadiene at 273.25° Ie reported by Aston and Szasz [14] , including a calorimetrically measured entropy of vaporization. The potential barrier from the present calculations is slightly different from that reported by Aston and Szasz [14] because of the difference in the molecular dimensions used in the respective calculations. As might be expected, the potential barrier for 1,2-butadiene is about the same as that for propylene. The assignment of vibrational frequencies made by Szasz, McCartney, and Rank [13] was tested by calculating approximate product ratios for methyl substitutions of the type used by Pitzer and Scott [1 5] , in which calculations the values of the product ratios for 1,2-butadiene agree very well with those for the methylbenzenes. This agreement offers considerable confirmation of the assignment of frequencies for 1 , 2-butadien ,~.
For 1,3-butadiene, the available spectroscopic and other molecular data appear to be satisfactorily represented by the values of the thermodynamic functions calculated by Aston, Szasz, Wooley, and Brickwedde [16] , and their values for the heat-content function, free-energy function, and heat capacity were used in the present 226 calculations. However, it should be noted that the available spectroscopic and other molecular data are not sufficient to confirm the correctness of the details of their molecular model of 1,3-butadiene.
For the pentadienes, the available thermal, sp ectroscopic, and other molecular data are either insufficient or too uncertain to p ermit a satisfactory statistical treatment at the present time. However , by taking advantage of regularities in the properties of related compounds, thermodynamic functions for the pentadienes may be calculated by suitable combination of the thermodynamic functions for other compounds for which the appropriate values have already been calculated [15, 17, 18, 19] . For such calculations by the method of increments, the following equations were used to evaluate the thermodynamic functions for the seven pentadienes:
G(propadiene)-R 11 8.
In the foregoing equations, G represents the heat content function , the negative of the free energy function , or the h eat capacity. The constant terms, R In 8, etc., appearing, respectively, in eq 2, 4, 5, 6, and 7, are corrections for the symmetry number and are to b e used for the negative of the free-energy function, -(F°-H~) / T, but not for the heat-content function or the heat capacity. The values of the thermodynamic functions used for the calculations represented by eq 1 to 7, inclusive, are from the following: Propane [18] ; propylene, I-butene, cis-2-butene,. trans-2 · b\l tone, and isobutene [19] .
I "
Therc arc now available a number of checks on th e accuracy of the increment method for calculating thermodynamic functions, as illustrated by eq 1 to 7, inclusive. Some confirmation of the increment method has already been reported for certain alkylbenzenes [15, 20] and for certain alkylcyclohexan es [17, 21] .
In 1946, values of the thermodynamic functions for 2-methyl-2-butene were calculated [22] by means of the relation G(2-methyl-2-butene) = 2/ 3 G(cis-2-bu tene + trans-2-butene + isobutene) -G(propylene) + R In 4. (8) This yielded 80.90 cal/deg mole for th e standard entropy in the gaseous state at 25 ° C, which is to be compared with the value 80.92 su bsequently available from the experimental work of Todd, Oliver, and Huffman [22] , and Huffman and Scott [23] . The calculated value for the heat capacity of gaseous 2-methyl-2-butene is about 1 percent higher than the experiment value that has recently become available [23] .
Before the recent experimental work on 1,2-butadiene became available [14] , the authors had calculated th e thermodynamic functions of 1,2-butadiene by the method of increments with what now appear to be excellent results, using the equation
The standard entropy of gaseous 1,2-butadiene at 25° C was calculated by the method of incr em ents to b e 69.7 cal/deg mole, which is to be compared with th e new calculated value of 70.03 ± 0.20 cal/deg mole. There is an experimental entropy available for comparison with our result for 2-methyl-l,3-butadiene (isoprene). The experimental value, 75.2 ± 0.3, [24, 25] is 0.5 cal/deg mole lower than the value given by the increment equation without the term -0.3. Although this difference is well within the expected uncertainties of the method, the additional constant term (-0. 3) was added to the increment equation, in order to have better agreement with the isoprene experimental value at 298.16° K . Presumably, this change gives better extrapolated values at higher temperatures.
In connection with the calculation of the thermodynamic functions of the pentadienes by the method of increments, it is estimated that the over-all uncertainty is about 1 cal/deg mole at room temperature and greater at higher temperatures, the values for 1,4-pentadiene being particularly uncertain . . However, the differences between values of the th ermodynamic functions at given tempel-atures are more significant than the over-all uncertainties.
The resulting values of the thermodynamic functions for the diolefins, C3 to Cs, are given in tables 1 to 5, inclusive, which give values of the following properties, respectively, from 0° to 1,500° K: Heat-content function , free-energy function, entropy, h eat content, and heat capacity. The value of the entropy is obtained as the value of the h eat-content function less the value of the free-energy function , and the value of the h eat content is obtained by multiplying th e value of the heat-content function by the t.empCl:ature. For styr ene and the several methylstyrene , the values of the heat-content function, free-energy function , and heat capacity were taken from reference [26] . As usual, the value of the entropy is given by the value of the h eat-content function less the value of the free-energy function, and the heat content is ob tained by multiplying the value of the heat-content function by the temperature.
The resulting values of the thermod ynamic functions for styrene and the methylstyrene are given in tables 6 to 10, inclusive, which give values of the following properties, re pectively, from 0 0 to 1,500 0 Ie: H eat-content function, free-energy function , entropy, heat content, and heat capacity_ Ir a n s-I-Pr 0 pen y I benzene L _ _
IV. Heat of Formation, Free Energy of Formation, and Equilibrium Constant of Formation
For the standard heat of formation from the elements at 25° C, values for the diolefins, C3 to C5, were obtained as follows: 1,3-Butadiene, from reference [27] ; 1,2-butadiene, from reference [28] ; propadiene, cis-and trans-1,3-pentadiene, and 1,4-pentadiene, from combination of the data on heats of hydrogenation from references [36, 37] with the values for the heats of formation of the corresponding paraffin hydrocarbons from reference [29] ; by calculation, using the relations between energy content and molecular structure given in references 129, 30, 31, 32, 33] . The values so calculated are believed to be uncertain by not more than about ±0.75 kcal/mole.
For the standard heat of formation from the elements at 25° C, values for styrene and the methylstyrenes were obtained as follows:
Ethenylbenzene (styrene, vinylbenzene, or phenylethylene), from reference [28] ; isopropenylbenzene (a-methylstyrene or .2-phenyl-1-propene), from reference [34]; cis-1-propenylbenzene (cis-{3-methylstyrene or cis-1-phenyl-1-propene), trans-1-propenylbenzene (trans-{3-methylstyrene or trans-1-phenyl-1-propene), 1-methyl-2-ethenylbenzene (o-methylstyrene), 1-methyl-3-ethenylbenzene,
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. (m-methylstyrene), and 1-methyl-4-ethenylbenzene (p-methylstyrene) by calculation, using the relations between energy content and molecular structure given in references [29 , 30, 31, 32, 33] . The values so calculated are believed to be uncertain by not more than about ± 0.75 kcal/mole. The method of calculating values of the standard heat of formation, the standard free energy of formation , and th.e logarithm of the equilibrium i constant of formation for th e different temperatures in the range 0° to 1,500° K , is the same as that described in section IV, 1, of reference [35] .
The resulting values for the formation of the given hydrocarbon in the gaseous state, from the elements carbon (solid, graphite) and hydrogen (gaseous), each in its thermodynamic standard state, are presented in tables 11 to 16, inclusive, which give values of the following properties, for th e C3 to ( \ diolefins, styrene, and the methylstyrenes, to 1,500° K: Heat of formation, free energy of formation, and logarithm of the equilibrium constant of formation. It should be noted that the uncertainties in the values for the pentadienes and th e methylstyrenes are such as to make th e values of the logarithm (to the base 10) of the equilibrium constants of formation for these compounds uncertain by as much as 0.3 to 0.5, which is equivalent to a factor of 2 to 3 in the value of the equilibrium constant itself.
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, . Tbe scale of ordinates measures the amount in mole fraction, and the scale of abscissas gives the temperatm e in degrees Kelvin and degrees Centigrade. 'I' be vertical wid th of a band at a given tern peratnre measures tbe mole frac tion of the given isomer present at eq uilibrium with :til of its otber isomers in tbe gaseous state.
fraction, of each of th e isomers present at equilibrium with the other isomer in t h e gaseous state. The corresponding numerical values are given in "-table 17 . ' In figure 2 are plotted, as a function of t emperatur e, for the seven pentadienes, the amounts, in mole fraction, of each of th e isomers present at equilibrium with the other isomers in th e gaseous state. The corresponding numerical values are given in table 18. The scale of ordinates measu res the amonnt in mole fraction, and the scale or abscissas gives the temperalure in degrees Kelvin and degrees Centigrade.
'rhe vertical width of a band a t a given temperature measures t he moJe frae· t ion of the given isomer present at equilibrium with all of its other isomers in the gaseous state. ----------.-----------.-------. -.---.002 1300 __ -----------------------. ---.-------- 'rhe scale of ordinates gives the value of the logarithm (to the base 10) 0 the equilihrium constant for the reaction of clehydrogenatingagiven monoole' fin to a given diolefin, in the gaseous state. The scale of a bscissas gives the temperature in degrees Kelvin. 'rhe several curves rerer to the following reactions in the gasesous state: A, Propylene= propadiene+hydrogen ; B , I-butene=I,3-butadiene+hydrogen; C, cis-2-b utene= 1,3-butadiene+hydro-gen; D, trans-2-butcne=1,3-butadiene+hydrogen; E, isobutene=I,3-butadiene+bydrogen. The scale of ordinates gives thc value of the logarithm (to the base 10) of' the eq uilibrium constant for the reaction of isomerization of a given diolcfin to a given acetylene bydrocarbon, in tbe gaseous state. 'rhe scale of abscissas. gi ves the temperaturc in degrecs Kel v in. The several curves are for the following reactions in the gaseous state, as indicated: Propadiene=propync; 1,2 .. butadieue=l-butyne; 1,2-pentadiene=l-pentyne; 1,3-butadiene=2-butyne; cis-l.3-pentadienc=2·pentyne; trans-l,3-pentadiene=2-pentyne. Tbe scale of ordinates gives the value o[ the logarithm (to the base 10) of the equilibrium constant for the reaction of debydrogenating a given alkyl· benzene to a corresponding styrene, in the gaseous state. The scale o[ absiccas gives the temperature in degrees Kelvin. The several curves refer to the follow· ing reactions in the gaseous state: A, Etbylbenzene=styrene+hydrogen; B, isopropylhenzene = a -metbylstyrene+hydrogen; C, isopropylbenzene= cis·/l·methylstyrene+bydrogen; D, isopropylbenzene=trans'/l-metbylstyrene+hydrogen; E, 1-methyl-2-ethylbenzene=o-methylstyrene+hydrogen; F, 1·methyl-3-ethylbenzene=m-lllethylstyrene+hydrogen; G, l-methy1-4-etbylbenzene=p-methylstyrene+bydrogen.
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In figure 3 are plotted, as a function of tempera.-ture,\valucs of the logarithm of the equilibrium constant for the r eactions of dehydrogenation of propylene to propadiene and of cach of the four butencs to 1,3-butadiene.
In figure 4 are plotted, as a function of tcmperature, values of the logarithm of the eq uilibrium constant for the reactions of isomerization of propadiene to propyne, 1,2-butadiene to l-butyne, 1,2-pentadiene to l-pentyne, 1,3-butadien e to 2-butyne, cis-1,3-pentadiene to 2-pentync, and trans-l ,3-pcntadiene to 2-pcntyne.
In figure 5 are plotted, as a function of temperature, for the six m ethylstyr enes, the amounts, in mole fraction , of each of the isomers present at eq uilibrium with the other isomers in the gaseous stat e. Th e corresponding numerical values are given in table 19.
In figure 6 are plottcd, as a function of temperat ure, values of th e logarithm of the equilibrium constant for the reactions of dehydrogenation of ethylbenzene to styrene, isopropylbcnzenc to a-methylstyrene, isopropylbenzene to cis-tJ-methylstyrene, isopropylbenzene to trans-tJ-methylstyr ene, I-methyl-2-ethylbenzene to o-methylstyr ene, 1-methyl-3-ethylbenzene to m-methylstyrene, andl-methyl-4-ethylbenzene to p -methylstyrene.
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